Introduction
============

Head and neck squamous cell carcinoma (HNSCC) is the sixth most common malignancy worldwide. Among the estimated 500,000 new HNSCC cases reported globally every year, 63,000 are from the United States and 139,000 from the European countries [@B1], [@B2]. Despite advances in surgical technique, chemo- and radiotherapy, and more recently, immune checkpoint inhibitors, the overall survival rates of HNSCC patients remain approximately 50% over the last three decades and the treatment response for locally advanced disease remains unpredictable [@B3]. Meanwhile, standardized prognostic tools for mortality in this high-risk population are not available. Thus, there is a pressing need to stratify HNSCC patients into risk-categories and to adapt therapeutic and follow-up decisions acknowledging heterogeneous treatment responses seen in the same disease stage and with the same treatment and to focus care on patients with a predicted low five-year survival [@B4], [@B5].

Several predictive risk models for HNSCC have been developed [@B6]-[@B8]. In the mathematical predictive model developed by Emerick et al. using the Survey, Epidemiology and End-Results 2009 dataset, anatomical site, age at diagnosis, race, tumor extension, N stage, and extracapsular spread were found to contribute to mortality [@B6]. The authors also found tumor diameter increased along with the additional chance of death across all subsites, but not for tumors less than 1 cm and around 5 cm. The number of positive nodes, up to 5 nodes, was found to be associated with an additional \~14% risk of death [@B6]. However, Emerick\'s model did not include human papillomavirus (HPV) status. It is now clear that an oncogenic subtype, HPV-associated oropharyngeal cancer (OPSCC), is distinct from the HPV-negative tumors in genetic alterations and a better prognosis. It was recently added with separate TNM-stages to the 8th edition of AJCC toward a de-escalation treatment protocol [@B9]. Recently, a nomogram model has also been developed for patients with locoregionally advanced (LA) OPSCC treated with primary radiation-based therapy [@B7]. Factors including: age at diagnosis, smoking, Zubrod performance status, education, anemia, tumor p16 status, T stage, and N stage were selected for the final model which can predict 2-year and 5-year overall survival (OS) and progression-free survival (PFS) [@B7]. The strength of this nomogram model is the analysis of sociodemographic factors and HPV status in addition to clinicopathologic factors in both the development and external validation cohorts. However, Fakhry\'s model has been applied for LA-OPSCC patients who received primary radiotherapy without including genomic data [@B7].

Knowledge of genome alterations proposes that there are a more complex biologic feature for HNSCC [@B3]. The mutational profile of HNSCC and mutated gene-related pathways have the potential to stratify patients, aid in initial treatment decisions and based on the probability of recurrence provide a more rationally tailored after-care prognosis with clinical follow-up and imaging [@B3]. For example, Rebeiro et al reported that a genomic model based on chromosomal alterations has good performance in predicting HNSCC recurrence and metastasis [@B8]. In oral cancer, the hybrid model of ReliefF-GA-ANFIS has shown that clinicopathologic data together with alcohol consumption, tumor invasion, and *p63* gene expression achieved the best accuracy for prognosis models in a total of 31 oral SCC (OSCC) cases [@B10]. However, these models also did not stratify patients with HPV status.

Given by the distinct tumor biology and clinical outcome of HPV-associated HNSCC, analyzing tumor HPV status should increase the accuracy in outcome predictions. Additionally, there is a need that genomics be translated and interpreted to answer questions relevant for geneticists, clinicians and patients. To date, Next-Generation Sequencing is becoming affordable and is thus moving to more frequent clinical application. However, at this stage molecular testing for alterations in HNSCC has not become a meaningful tool in clinical practice yet. Moreover, the identified specific mutations in cancer are challenged by the mutational heterogeneity, a phenomenon seen in most tumors. To stimulate these findings from discovery to clinical practice, incorporation of clinical and demographic information with genomic data is necessary. Thus, the current study aimed to develop and validate a prognostic system for HPV-negative HNSCC in cooperation with genomic and clinicopathologic factors toward an implementation of a clinically useful tool. The proposed mortality risk score is simple and easy to use in quantifying the mortality risk for HNSCC patients and could provide the appropriate guidance in post-therapy follow-up.

Materials and Methods
=====================

Study population
----------------

The study used retrospective de-identified genomic and clinical data of HPV-negative HNSCC patients from The Cancer Genome Atlas (TCGA). The TCGA raw datasets for 530 tumor samples from HNSCC patients were obtained from cBioPortal (<http://www.cbioportal.org> assessed on 2018/09/20) [@B11], [@B12]. The inclusion criteria for analysis was: (1) having a primary tumor in the oral cavity, oropharynx, hypopharynx, or larynx; (2) age\<80 years; (3) having no prior history of malignancies nor previous treatments for cancer; (4) have available HPV E6/E7 RNA status; and (5) having documented outcome as either living or dead ("died").

Variable definitions
--------------------

Excessive alcohol consumption was identified as: \>4 drinks/day for man or \>3 drinks/day for woman [@B13]. Lifelong non-smoker was defined as negative primary tobacco exposure and current and reformed smokers as positive. PCR-based RNA-detection of viral E6/E7 oncogenes was used to identify HPV-negative tumor tissue samples and the HPV data were retrieved from a previously published article [@B14]. The p16 status was identified by immunohistochemistry. Affymetrix SNP6 copy number measurements were used and CDKN2A copy number loss was defined as having a Logarithm (Log 2) less than -0.7. Gene mutations of CCND1, CDKN2A, FAT1, NOTCH1, NSD1, PIK3CA, AJUBA, EGFR, PTEN, KMT2D and TP53 were defined as positive.

To estimate clinical prognosis, a computational approach named "evolutionary action p53" (EAp53) was developed to stratify TP53 missense mutations into high and low risk [@B15]. An online tool, EAp53 server, was used to predict the impact of P53 missense mutation and then a score between 0-100 was given according to a previous publication [@B15]. The threshold of EAp53 was established as previously introduced where a rank-based procedure was analyzed based on the Cox proportional hazard ratios [@B15]. The threshold of EAp53 was 78 in our study. Next, patients with missense mutation were subsequently divided into high-risk (≥78) and low-risk (\<78) group. Other mutations such as nonsense mutation and frameshift mutation were grouped as other.

Statistical analyses
--------------------

Univariate logistic regression for each variable was performed to select potential factors of overall mortality. Further, variables having a p-value of \<0.2 in the univariate analysis or being considered as clinically important were investigated using the multivariate modeling. The Bayesian model averaging method was used to select variables for the multiple logistic regression model [@B16]. To reduce the model subsets, the Likelihood Ratio test was performed. The best model was further selected based on the smallest Bayesian information criterion. The development of the risk score has been described elsewhere [@B16]. Briefly, each significant variable was assigned a weighted-point based on its β coefficient value. Patient risk scores were calculated and stratified into three risk groups which were significantly distinct in predictive mortality risk (low-, medium- and high-risk). Area under the receiver operating characteristic curve (AUC) was used to determine model discrimination. Hosmer-Lemeshow\'s goodness of fit test was performed to evaluate the model calibration. Overall performance of the final model and risk score was evaluated using the Brier score. Internal validation was performed using the bootstrap resampling method with 2000 replications. All the analyses were performed using Stata version 15.1 (StataCorp LLC, College Station, TX, USA). A p value of \<0.05 was considered statistically significant.

Results
=======

Characteristics of the study sample
-----------------------------------

From a cohort of 528 cases, 400 consecutive cases met the inclusion criteria and were used for the univariate analysis. A total of 128 patients were excluded from the analysis due to the following reasons (patients may meet more than one exclusion criteria): 1) age\>80 years old \[26 cases (4.92%)\]; 2) having a history of cancer \[33 cases (6.25%)\]; and 3) patients that were HPV RNA-positive \[72 cases (13.64%)\] or without HPV status data \[8 cases (1.52%)\].

Development of a prognostic score system for HNSCC mortality
------------------------------------------------------------

Table [1](#T1){ref-type="table"} presents the crude association between the potential risk factors and overall mortality. Ten variables (age, pT, pN, extracapsular spread, argiolymphatic invasion, perineural invasion, lymph node dissection, CDKN2A copy number loss, NSD1 mutation and EAp53) which were found to have prognostic significance and were examined for the development of a final multiple logistic regression model. In the final model, five variables (age, pT, pN, perineural invasion, and EAp53) were significant and were used for the development of the mortality risk score (Table [2](#T2){ref-type="table"}). We assigned weighted points for each of the final five risk factors by the linear transformation of the corresponding regression coefficient \[(divided by the smallest β-coefficient (0.03, age), and rounded to the nearest integer, (Table [2](#T2){ref-type="table"})\]. The following formula was used to calculate the prognostic score for individual patients:

Risk score=1\*\[Age\] + 21\*\[pT\] + 31\*\[pN\] + \[Perineural invasion: No, 0 point; Yes, 37 points; Unknown, 38 points\] + \[EAp53: Wild type & Low risk, 0 point; High risk & Other, 20 points;\].

All variables were binary with "No" = 0 and "Yes" = 1. Patients were then stratified into three groups that can significantly differentiate the predictive mortality-risk: low-risk group (\<96points), medium-risk group (96-121 points), and high-risk group (≥122 points). As shown in Table [3](#T3){ref-type="table"}, the mortality was 24% in the low-risk group, 38% in the medium-group, and 65% in the high-risk group. The median survival probability by risk group was presented in Figure [1](#F1){ref-type="fig"}. The intercept (-4.358669) of the final model and corresponding regression coefficients of each variable included in the risk score were used to calculate the probability of death:

Predicted probability of death= -4.358669 + 0.0322484\*\[Age\] + 0.6661356\*\[pT\] + 0.9999758\*\[pN\] + \[Perineural invasion: No, \*0; Yes, \*1.202005; Unknown, \*1.223973\] + 0.633055\*\[EAp53\].

Internal validation
-------------------

The final model presented good discrimination in both the development (AUC = 0.76; 95% CI 0.70, 0.81) and bootstrap validation (AUC = 0.76; 95% CI 0.70, 0.81) (Table [3](#T3){ref-type="table"}, Figure [S1](#SM0){ref-type="supplementary-material"}) models. The evaluation using the risk score alone also obtained a good discrimination in both the development and bootstrap validation (AUC = 0.72; 95% CI 0.66, 0.77 and AUC = 0.70; 95% CI 0.65, 0.76, respectively) models. A good calibration with a non-significant Hosmer-Lemeshow chi-square of 6.17 (p = 0.63) and an excellent overall performance with a Brier score of 0.198 were presented in the final model (Table [3](#T3){ref-type="table"}). Patients with medium- and high-risk had significantly higher odds of mortality compared to patients with low-risk (Table [4](#T4){ref-type="table"}).

In the final model and in the development of the prognostic scoring system, a sample of 335/400 (83.8%) patients having complete data for all five included variables were used. We found no significant differences in all demographic and clinical characteristics other than for gender (p = 0.04) and mortality (p = 0.03) between the 335 included patients in the final model and 65 excluded patients with incomplete data (Table [S1](#SM0){ref-type="supplementary-material"}).

Online calculator based on the prognostic score system
------------------------------------------------------

We have applied and created a free-of-charge online risk score calculator for HPV-RNA negative HNSCC patients. The calculator can be downloaded from the following link <https://oaa.app.link/yWLO3m5QPP> (a free OpenAsApp account registration prior to access the calculator is required) and can be used, on android or iOS mobile devices. Our model and online calculator predicts the survival probability (%) for an individual patient where a risk score (in points) and subsequently a risk group of low, medium or high are also provided.

Discussion
==========

In this study, we present a newly developed and internally validated prognostic scoring system to predict all-cause mortality risk for HPV-negative HNSCC patients. Our final model included age, pT, pN, perineural invasion, and EAp53. Incorporated with clinicopathologic data and genomic features, our predictive prognostic score system can provide clinicians with additional information that would help allocate appropriate treatments and follow-up resources.

Our findings are consistent with the current literature, which indicates that pT and pN stage are contributive to mortality of HNSCC patients independent of HPV status [@B6], [@B7]. The pT and pN categories have been demonstrated to be independent factors for OS or PFS in both HPV-positive and HPV-negative OPSCC patients [@B7], [@B17]. We also found pN status as the most important prognostic factor for a substantial proportion of patients with pT1 - pT2 HNSCC in our recent 17-year retrospective single center cohort study [@B18]. These observations underscore the possible impact of traditional TNM classification on HNSCC outcome.

In line with other authors\' findings, we found that older age at diagnosis was associated with overall mortality and is a significant risk predictor in our model [@B6], [@B7]. The incidence of HNSCC in the elderly patients is increasing not only for HPV-negative tumor but also for HPV-positive oropharyngeal cancer as seen in a recent report of the National Cancer Database of the United States [@B19]. For older patients, the reduced tolerability of multimodality therapy and general physical health issues and co-morbidities are main factors that would lead to inefficient treatments [@B20]. These general challenges are well-known and intensive multimodality treatment with a manageable safety profile is still unavailable.

Perineural invasion (PNI) occurs in up to 40% of HNSCC patients and the association with loco- regional recurrence, distant metastases and poor survival have also been documented [@B21], [@B22]. In our study, occurring in 37% of patients, PNI had significantly higher odds for mortality. To date, the biological mechanisms for PNI remains elusive and therapeutic escalation should be considered for improvement of patient\'s outcome [@B23]. Recently, an *in vitro* PNI model of HNSCC has been developed where a rapid evaluation of multiple treatment conditions has been performed to improve therapeutic selection [@B24]. In addition, quantitative characteristics of PNI as well as nerve parameters can also be used to tailor adjuvant treatment [@B25]. Future studies incorporating *in vitro* and *in vivo* models to investigate the underlying mechanism are needed.

One important consideration is the impact of genomic alterations on HNSCC outcome. In our model, EAp53 score appears to be a strong predictor of mortality. TP53 gene is mutated in 60% - 70% HNSCC and consequently leads to HNSCC oncogenesis mainly due to the loss of wild-type p53 (wtp53) function [@B3]. Moreover, TP53 variants are heterogeneous and gain of function p53 mutants are further identified to be independent of wtp53 function and being related to tumorigenesis and progression especially in HPV-negative HNSCC [@B26]. In head and neck cancer, an initial study demonstrated that high-risk patients stratified by EAp53 were associated with decreased survival and increased distant metastases [@B15]. Osman et al. demonstrated that a subgroup of HNSCC patients with higher EAp53 score was associated with decreased sensitivity to cisplatin treatment [@B27]. Additionally, EAp53 can also be used to predict the patient\'s response to treatment with cisplatin in an orthotopic mouse model of tongue cancer [@B27]. In line with these findings, EAp53 has successfully been associated with survival in advanced larynx cancer in a prospective study and its associations with lymphatic metastasis in larynx cancer and pN+ extra-nodal extension+ status in OSCC have also been reported [@B28], [@B29]. Tumors with high-risk mutations of the TP53 gene also represent a more aggressive biological phenotype identified with being more resistant to chemo- or radiotherapy [@B27], [@B30]. Notably, recent guidelines recommend that the screening strategies for TP53 assessment in human cancer are necessary in clinical practice given its clinical significance [@B31]. Importantly, reactivation of the p53 function enhances the cytotoxicity and tumor apoptosis of cisplatin treatment in preclinical studies and novel targeted therapies such as p53-MDM2 inhibitors have been described [@B32]-[@B34]. These data represent an important step for understanding EAp53 as potentially targetable molecular alterations and also for therapeutic selection and molecular monitoring of patients.

Smoking is a known risk factor for the development of HNSCC [@B3]. Although, smoking status did not significantly contribute to mortality in our model, one recent study has characterized the genetic smoking signature of HNSCC and identified a higher mutational load and TP53 mutation, not other driver mutations in smokers compared to non- smokers [@B35]. Moreover, the proportion of smokers was higher in TP53-mutated vs TP53 wild-type HNSCC patients [@B35]. However, in HPV-positive tumors, TP53 mutation did not differ greatly by smoking status [@B36]. Other investigators also assessed the immune feature of HNSCC and reported lower levels of immune infiltration in TP53-mutated tumors [@B35]. Additionally, lower response rates to immune checkpoint inhibitor therapy among smokers with HNSCC may be due to their genetic and immune signatures [@B37], which raise the possibility that tobacco-induced genetic and epigenetic changes, rather than as a discrete variable (positive vs. negative tobacco exposure), could confound treatment response and survival. HPV-positive OPSCC are more commonly infiltrated by HPV-specific T-cells and making it more sensitive to standard therapy [@B38]. Additional studies are warranted to further describe the smoking related molecular landscape in both HPV-positive and negative tumors.

For multimodality management of HNSCC, cisplatin is recommended as the radiosensitizer in adjuvant setting as well as in definitive setting and recently also for patients with advanced HPV-positive OPSCC [@B39]. However, it is likely that HNSCC patients who have a higher load of TP53 mutations may render the effectiveness of the cisplatin treatment [@B27]. Thus, for high-risk patients, there is a more pressing need of improving the effectiveness of treatment. For example, drug sensitivity testing utilizing organoids derived from HNSCC patients could help to allocate effective treatment [@B40]. We recently found Disulfiram (Antabuse®) traditionally used to treat alcohol dependence acts as potent radio-chemo sensitizer of HNSCC in preclinical studies (unpublished data). While more effective management strategies should be developed and customized to treat e patients, the treatment protocols currently in use and under clinical investigation can potentially be tailored for proper indication for individual patients with different mortality risk. For example, one study has assessed the optimal dosing schedule of concurrent cisplatin in locally advanced HNSCC and demonstrates that cisplatin at 100 mg/ m^2^ every 3 weeks performed better in loco-regional control, but with more toxicity, than cisplatin at 30 mg/m^2^ weekly as adjuvant chemoradiotherapy [@B41]. We found docetaxel in combination with cisplatin and 5‐fluorouracil effectively prolonged survival in patients with locally advanced and/or recurrent metastatic HNSCC with tolerable side effects [@B42]. Taken together, a favorable safety profile with versatile anticancer effects is urgently needed to obtain curative therapeutic efficacy in aggressive cases.

Our study is limited by the small sample size and the proportion of individuals lacking complete data. Given the excluded patients having a higher mortality than included patients, our data cannot rule out completely the possibility of selection bias. However, the similarity in most of the available demographic and clinical variables between the two cohorts suggests that the selection bias, if any, would be minimal. Second, we acknowledge that our study includes a more homogenous population which is mainly white. A future external validation study focus on a more heterogeneous population would be necessary to test the bias. Third, the treatment effect was not adjusted for in our analyses due to unknown information. Moreover, delays in postoperative radiotherapy or chemoradiotherapy have been identified in association with decreased survival for patients who underwent curative intent surgery [@B43]. Overall treatment time greater than approximately 14 weeks was found to consistently increase mortality risk [@B43]. Therefore, the benefit of treatment protocols must be evaluated in future prospective studies. Despite these potential limitations, we have improved upon previous models by adding genomic profiling and HPV-status. Our predictive model may provide further rationale for intervention as early as possible in the course of disease and initiating appropriate therapy at the time of diagnosis and refined follow-up protocols.

In summary, our predictive model has the potential to predict the mortality risk and stratify patients with HPV-negative HNSCC into 3 categories, low, medium, and high risk. We proposed that for low-risk patients, a management per routine protocols is sufficient. Intermediate risk patients may benefit from a closer follow-up such as follow-up every 3-month, imaging (CT/MRI) once a year or if they present with any change in pain of function within 6 weeks (less than three months). Patients with high-risk would need more aggressive treatments if available a closer follow-up adapted to the individual ability to cover costs, and personal wishes would be advised.
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###### 

Crude associations between potential risk factors and mortality.

  Variable                            All            Alive          Dead           Unadjusted OR        *P*-value
  ----------------------------------- -------------- -------------- -------------- -------------------- -----------
  **Age (years), median (IQR)**       61.0 (53-68)   60.0 (53-67)   62.0 (53-69)   1.01(1.00, 1.03)     0.11
  **Gender**                                                                                            
  Male                                293 (73.3)     168 (75.7)     125 (70.2)     (reference)          
  Female                              107 (26.7)     54 (24.3)      53 (23.8)      1.32 (0.85, 2.06)    0.22
  **Race**                                                                                              
  White                               333 (83.2)     186 (83.8)     147 (82.6)     (reference)          
  Asian                               11 (2.8)       7 (3.2)        4 (2.2)        0.72 (0.21, 2.52)    0.61
  Black or African American           42 (10.5)      21 (9.4)       21 (11.8)      1.27 (0.67, 2.41)    0.47
  American Indian or Alaska native    2 (0.5)        1 (0.4)        1 (0.6)        1.27 (0.08, 20.40)   0.87
  Unknown                             12 (3.0)       7 (3.2)        5 (2.8)        0.91 (0.28, 2.91)    0.87
  **Tobacco use**                                                                                       
  No                                  80 (20.0)      51 (23.0)      29 (16.3)      (reference)          
  Yes                                 311 (77.8)     168 (75.7)     143 (80.3)     1.50 (0.90, 2.49)    0.12
  Unknown                             9 (2.2)        3 (1.3)        6 (3.4)        3.52 (0.82, 15.13)   0.09
  **Excessive alcohol**                                                                                 
  No                                  242 (60.5)     143 (64.4)     99 (55.6)      (reference)          
  Yes                                 45 (11.3)      26 (11.7)      19 (10.7)      1.06 (0.55, 2.01)    0.87
  Unknown                             113 (28.2)     53 (23.9)      60 (33.7)      1.64 (1.04, 2.56)    0.03
  **Laterality**                                                                                        
  Left                                108 (27.0)     66 (29.7)      42 (23.6)      (reference)          
  Right                               106 (26.5)     69 (31.1)      37 (20.8)      0.84 (0.48, 1.47)    0.54
  Midline                             31 (7.8)       19 (8.6)       12 (6.7)       0.99 (0.44, 2.25)    0.99
  Unknown                             155 (38.7)     68 (30.6)      87 (48.9)      2.01 (1.22, 3.32)    0.006
  **^\*^OPSCC**                                                                                         
  No                                  264 (66.0)     141 (63.5)     123 (69.1)     (reference)          
  Yes                                 136 (34.0)     81 (36.5)      55 (30.9)      0.78 (0.51, 1.18)    0.24
  **^\*\*^LSCC**                                                                                        
  No                                  295 (73.8)     163 (73.4)     132 (74.2)     (reference)          
  Yes                                 105 (26.2)     59 (26.6)      46 (25.8)      0.96 (0.61, 1.51)    0.87
  **Histology**                                                                                         
  G1+G2                               304 (76.0)     172 (77.5)     132 (74.2)     (reference)          
  G3+G4                               86 (21.5)      46 (20.7)      40 (22.5)      1.13 (0.70, 1.83)    0.61
  Others                              10 (2.5)       4 (1.8)        6 (3.3)        1.95 (0.54, 7.07)    0.31
  **pT**                                                                                                
  T1+T2                               133 (33.3)     88 (39.6)      45 (25.3)      (reference)          
  T3+T4                               237 (59.2)     117 (52.7)     120 (67.4)     2.01 (1.29, 3.12)    0.002
  Others                              30 (7.5)       17 (7.7)       13 (7.3)       1.50 (0.67, 3.35)    0.33
  **pN**                                                                                                
  N0+N1                               201 (50.3)     141 (63.5)     60 (33.7)      (reference)          
  N2+N3                               144 (36.0)     59 (26.6)      85 (47.8)      3.39 (2.16, 5.30)    \<0.001
  Others                              55 (13.7)      22 (9.9)       33 (18.5)      3.53 (1.90, 6.54)    \<0.001
  **Positive surgical margins**                                                                         
  Negative                            289 (72.2)     163 (73.4)     126 (70.8)     (reference)          
  Positive & Close                    79 (19.8)      39 (17.6)      40 (22.5)      1.33 (0.81, 2.18)    0.27
  Unknown                             32 (8.0)       20 (9.0)       12 (6.7)       0.78 (0.37, 1.65)    0.51
  **Extracapsular spread**                                                                              
  No                                  197 (49.3)     130 (58.6)     67 (37.6)      (reference)          
  Yes                                 90 (22.5)      30 (13.5)      60 (33.7)      3.88 (2.29, 6.58)    \<0.001
  Unknown                             113 (28.2)     62 (27.9)      51 (28.7)      1.60 (0.99, 2.56)    0.049
  **Angiolymphatin invasion**                                                                           
  No                                  181 (45.3)     122 (55.0)     59 (33.1)      (reference)          
  Yes                                 100 (25.0)     45 (20.3)      55 (30.9)      2.53 (1.53, 4.17)    \<0.001
  Unknown                             119 (29.7)     55 (24.7)      64 (36.0)      2.41 (1.50, 3.87)    \<0.001
  **Perineural invasion**                                                                               
  No                                  147 (36.8)     107 (48.2)     40 (22.5)      (reference)          
  Yes                                 148 (37.0)     66 (29.7)      82 (46.0)      3.32 (2.04, 5.41)    \<0.001
  Unknown                             105 (26.2)     49 (22.1)      56 (31.5)      3.06 (1.80, 5.18)    \<0.001
  **Lymph Node dissection**                                                                             
  No lymph node dissection obtained   50 (12.5)      21 (9.5)       29 (16.3)      (reference)          
  Lymph node dissection obtained      347 (86.8)     199 (89.6)     148 (83.1)     0.54 (0.30, 0.98)    0.04
  Unknown                             3 (0.7)        2 (0.9)        1 (0.6)        0.36 (0.03, 4.26)    0.42
  **CDKN2A copy number loss**                                                                           
  No                                  264 (66.0)     160 (72.1)     104 (58.5)     (reference)          
  Yes                                 130 (32.5)     60 (27.0)      70 (39.3)      1.79 (1.17, 2.74)    0.01
  Unknown                             6 (1.5)        2 (0.9)        4 (2.2)        3.08 (0.55, 17.10)   0.20
  **CCND1 mutation**                                                                                    
  No                                  387 (96.8)     215 (96.8)     172 (96.7)     (reference)          
  Yes                                 3 (0.7)        1 (0.5)        2 (1.1)        2.50 (0.22, 27.80)   0.46
  Unknown                             10 (2.5)       6 (2.7)        4 (2.2)        0.83 (0.23, 3.00)    0.78
  **CDKN2A mutation**                                                                                   
  No                                  292 (73.0)     161 (72.5)     131 (73.6)     (reference)          
  Yes                                 98 (24.5)      55 (24.8)      43 (24.2)      0.96 (0.61, 1.52)    0.87
  Unknown                             10 (2.5)       6 (2.7)        4 (2.2)        0.82 (0.23, 2.96)    0.76
  **FAT1 mutation**                                                                                     
  No                                  293 (73.2)     161 (72.5)     132 (74.2)     (reference)          
  Yes                                 97 (24.3)      55 (24.8)      42 (23.6)      0.93 (0.59, 1.48)    0.76
  Unknown                             10 (2.5)       6 (2.7)        4 (2.2)        0.81 (0.22, 2.94)    0.75
  **NOTCH1 mutation**                                                                                   
  No                                  317 (79.3)     178 (80.2)     139 (78.1)     (reference)          
  Yes                                 73 (18.2)      38 (17.1)      35 (19.7)      1.18 (0.71, 1.96)    0.53
  Unknown                             10 (2.5)       6 (2.7)        4 (2.2)        0.85 (0.24, 3.08)    0.81
  **NSD1 mutation**                                                                                     
  No                                  338 (84.5)     180 (81.1)     158 (88.8)     (reference)          
  Yes                                 52 (13.0)      36 (16.2)      16 (9.0)       0.51 (0.27, 0.95)    0.03
  Unknown                             10 (2.5)       6 (2.7)        4 (2.2)        0.76 (0.21, 2.74)    0.67
  **PIK3CA mutation**                                                                                   
  No                                  325 (81.3)     182 (82.0)     143 (80.4)     (reference)          
  Yes                                 65 (16.2)      34 (15.3)      31 (17.4)      1.16 (0.68, 1.98)    0.59
  Unknown                             10 (2.5)       6 (2.7)        4 (2.2)        0.85 (0.23, 3.06)    0.80
  **AJUBA mutation**                                                                                    
  No                                  367 (91.8)     206 (92.8)     161 (90.5)     (reference)          
  Yes                                 23 (5.7)       10 (4.5)       13 (7.3)       1.66 (0.71, 3.89)    0.24
  Unknown                             10 (2.5)       6 (2.7)        4 (2.2)        0.85 (0.24, 3.07)    0.81
  **EGFR mutation**                                                                                     
  No                                  376 (94.0)     212 (95.5)     164 (92.2)     (reference)          
  Yes                                 14 (3.5)       4 (1.8)        10 (5.6)       3.23 (1.00, 10.49)   0.05
  Unknown                             10 (2.5)       6 (2.7)        4 (2.2)        0.86 (0.24, 3.10)    0.82
  **PTEN mutation**                                                                                     
  No                                  381 (95.3)     208 (93.7)     173 (97.2)     (reference)          
  Yes                                 9 (2.2)        8 (3.6)        1 (0.6)        0.15 (0.02, 1.21)    0.08
  Unknown                             10 (2.5)       6 (2.7)        4 (2.2)        0.80 (0.22, 2.89)    0.74
  **KMT2D mutation**                                                                                    
  No                                  329 (82.3)     187 (84.2)     142 (79.8)     (reference)          
  Yes                                 61 (15.2)      29 (13.1)      32 (18.0)      1.45 (0.84, 2.51)    0.18
  Unknown                             10 (2.5)       6 (2.7)        4 (2.2)        0.88 (0.24, 3.17)    0.84
  **p16**                                                                                               
  Negative                            63 (15.8)      43 (19.4)      20 (11.2)      (reference)          
  Positive                            6 (1.5)        5 (2.2)        1 (0.6)        0.43 (0.05, 3.93)    0.45
  Unknown                             331 (82.7)     174 (78.4)     157 (88.2)     1.94 (1.09, 3.44)    0.02
  **^\*\*\*^EAp53**                                                                                     
  Wild type, Low risk                 133 (33.3)     85 (38.3)      48 (27.0)      (reference)          
  High risk, Other                    257 (64.2)     131 (59.0)     126 (70.8)     1.70 (1.11, 2.62)    0.02
  Unknown                             10 (2.5)       6 (2.7)        4 (2.2)        1.18 (0.32, 4.39)    0.80

^\*^OPSCC: Oropharyngeal squamous cell carcinoma; ^\*\*^LSCC: Laryngeal squamous cell carcinoma; ^\*\*\*^Low risk: EAp53 score ≤78; high risk: EAp53 score \>78.

###### 

Multiple logistic regression model and weighted point assignment (n=335).

  Variable                  β coefficient   Adjusted OR (95% CI)   *P*-value   ^\*^Weight point
  ------------------------- --------------- ---------------------- ----------- ------------------
  **Age (years)**           0.03            1.03 (1.01, 1.06)      0.01        1
  **pT**                    0.67            1.95 (1.13, 3.35)      0.02        21
  **pN**                    1.00            2.72 (1.62, 4.57)      \<0.001     31
  **Perineural invasion**                                                      
  No                                        (reference)                        
  Yes                       1.20            3.33 (1.88, 5.90)      \<0.001     37
  Unknown                   1.22            3.40 (1.76, 6.59)      \<0.001     38
  **EAp53**                 0.63            1.88 (1.12, 3.16)      0.02        20

C-statistic = 0.76; \* Using a linear transformation of the corresponding β coefficient, weighted points of each risk factor were calculated \[was divided by the smallest β coefficient (0.03, age), and rounded to the nearest integer\]; Intercept = -4.358669.

###### 

Risk score performance for all variables of the multiple logistic regression model in patients who have complete data.

  Risk Group                                                                       n (%)                               Mean Score (±SD)   Mortality, n (%)   \**P*-value
  -------------------------------------------------------------------------------- ----------------------------------- ------------------ ------------------ -------------
  Complete data for all variables of multiple logistic regression model            335 (100%)                          107 (±28)          141 (42%)          \<0.001
  Low-risk group (\<96 points)                                                     114 (34%)                           78 (±13)           27 (24%)           
  Medium-risk group (96-121 points)                                                110 (33%)                           108 (±8)           42 (38%)           
  High-risk group (≥122 points)                                                    111 (33%)                           139 (±15)          72 (65%)           
  Discrimination assessment                                                                                                                                  
  AUC (95% CI), final model in development                                         0.76 (0.70, 0.81)                                                         
  AUC (95% CI), final model in bootstrap validation (2000 replications)            0.76 (0.70, 0.81)                                                         
  AUC (95% CI), prognostic score alone                                             0.72 (0.66, 0.77)                                                         
  AUC (95% CI), prognostic score alone, bootstrap validation (2000 replications)   0.70 (0.65, 0.76)                                                         
  Calibration assessment\*\*                                                                                                                                 
  Hosmer-Lemeshow\'s goodness-of-fit test, final model                             Chi-square = 6.17; p-value = 0.63                                         
  Hosmer-Lemeshow\'s goodness-of-fit test, prognostic score alone                  Chi-square = 14.4; p-value = 0.07                                         
  Overall performance assessment\*\*\*                                                                                                                       
  Brier score, final model                                                         0.198                                                                     
  Brier score, prognostic score alone                                              0.212                                                                     

Risk score ranged from 36-174. \*Overall p-value. Pairwise p-values between low- vs. medium-risk, low- vs. high-risk and medium- vs. high-risk was 0.005, \<0.001 and \<0.001, respectively. \*\*a non-significant Hosmer-Lemeshow goodness (p≥0.05) of goodness-of-fit test indicates good calibration.\*\*\*Brier score: ranges 0-1, the smaller the score, the better performance.Abbreviation: SD, standard deviation; AUC, area under the Receiver Operating Characteristic curve.

###### 

Odds ratio (OR) for death by each risk group (n=335).

  Risk group                          OR (95% CI)          *P*-value
  ----------------------------------- -------------------- -----------
  Low-risk group (\<96 points)        (reference)          
  Medium-risk group (96-121 points)   1.99 (1.11, 3.55)    0.02
  High-risk group (≥122 points)       5.95 (3.30, 10.72)   \<0.001

Coefficient standard errors at 2000 replications were estimated by bootstrap.
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